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Abstract 

We study the current structure of the lepton flavor violating r — » 3/i 
decay in Type-H 2HDM. This model has many coupling constants which 
affect this decay. We find that each coupling constant corresponds to 
the different final-state momenta distribution and vice versa. Using this 
fact, we suggest how to determine the current structure. We also find the 
upper limit |77^77^| < 0.00022 in the case that all Higgs bosons except 
for the lighter CP even neutral one /i" are decoupled, A/^o — llSGeV and 
cos/3 = 1/-/2. The observable difference between the MSSM and type-H 
2HDM is also discussed. 



^ akihiro@rikkyo.ac.jp 
^ tanakah@rikkyo. ac . j p 



1 Introduction 



In the Standard Model (SM), which is supported by many experimental data, 
only the Higgs boson is undiscovered. The Large Hadron Collider (LHC) will 
start and search it [T]. In LHC, we hope to discover many new particles since 
they are very important hints to beyond the SM. However these particles may 
be too heavy to discover in LHC. Even if so, the Higgs boson mass has the upper 
limit from the unitarity ^2^. In the Higgs sector, many models are suggested e.g. 
minimal supersymmetric SM (MSSM), little Higgs, technicolor and two Higgs 
doublet model (2HDM) [3], [5], g], [5]. Especially, 2HDM can be an effective 
theory of the models defined at higher energy scale. The purposes of this paper 
are 

1. the determination of the theory in Higgs sector when Higgs boson(s) is 
(are) discovered in LHC, and 

2. the determination of the current structure in Type-IE 2HDM. 

If only one neutral Higgs boson is discovered, is that means that the Higgs 
sector is the SM? The same situation occurs in MSSM and 2HDM if other four 
Higgs bosons are decoupled since very heavy or weakly coupled. Even if we can 
determine that the Higgs sector is 2HDM-like by LHC experiment, this model 
has many currents and couplings, and each coupling constant is a complex 
parameter of the model. It is very important to determine the absolute values 
of coupling constants, and relative phases between them. 

The lepton flavor violation (LFV) process gives them an answer. These 
models beyond the SM predict the large LFV [7], [H]j M- The couphng con- 
stant between Higgs boson and fermions tends to be larger proportional to the 
fermion mass. Especially, the Type- HI 2HDM has tree-level flavor changing neu- 
tral currents (FCNCs). Moreover, KEK B- factory generates huge number of 
r+T^ pairs. These facts suggest LFV t decay may appear in near future. In 
this paper, we study t — )■ 3/i mode. The reasons are as follows: 

• the Higgs boson can contribute in tree level, 

• we expect the clear experimental result since the final state has no photon 
and no missing particle and 

• we can study the polarization information using the initial and final energy 
momentum distributions |Tn].[llj. 
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The general Lagrangian for t+ decay is written as [TU], [TT] : 

C = -2V2G'f| gi{TRfJ-L){P'RPL) + 5'2(TLMi?,)(AiLA*fl) 

+ 53(T'fl7QMJ?)(MJ?7"MJ?) + 94{fLlaf^L){pL7"fJ'L) 

+ 55(Tfl7aAii?,)(/iL7"ML) +56(TL7aMi)(Mi?^7"Mi?j}, (1) 

where and m,- are the masses of the /i^ and r^, respectively; is the 
Fermi constant; {tl, fl^, ^r} and {tt?, /ii^, /i^} are the Dirac spinors {f, 
with the hehcity operators, (1 ± 75)/2, respectively; a"^ = |(7"7^ — 7*^7"); 
£)" = a" + zeA"; F"'^ = 9" A'' - a'^A"; A" is the photon field; e = -|e| is the 
electron charge; Al and are the complex coefficients of interactions in which 
the intermediate photon has the left polarization and the right polarization, 
respectively; and gi, ...,§5 are the complex coefficients of various 4 Fermi type 
interactions. 

According to Ref. ^J, we can determine the observables, 

„ _ \9l? , \92? I |2 , , |2 

a± = ± + m\ ± l54| 

6± = l55|'±|56|' 

d± = -(i?e[53eAy ± i?e[g4e^y ) 
e± = -(-Re[(76eAJj] ± Re[gzeAl]) 
/+ = -(-^^[gge^l] + Im[gieA\]) 
9+ = -{I'm[g&eA]^] + Imlg^eAl]). 

a+, &+, c+, d+ and e+ are determined from the final-state muon energy distri- 
bution and a_, 6_, c_, e_, /+ and are determined from the final-state 
angular distribution. So, our first task is to determine f/i, ggj A^ and Ar in 
this model. 

This paper is organized as follows. In Section [21 we derive the coupling con- 
stants gi, ...,ge,AL and Ar in this model. In Section [3l we give four scenarios 
and study the features of each scenario. In Section [H we discuss the differ- 
ence between the minimal supersymmetric SM (MSSM) and Type-H 2HDM. In 
Section [5l we the summary and discussion. 

2 Effective Coupling Constants in the Model 

In Type-Ill 2HDM, r — > 3/^ decay can be written in tree level. However, we also 
consider the one-loop radiative diagrams since the resonance effect enhances the 
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contribution as follows. These diagrams contain the photon propagator, which 
is proportional to l/g^, where q is the propagating momentum. The minimum 
value of is 4to^. This is realized when the pair created muon anti-muon have 
the same momentum. On the other hand, in the Higgs mediated diagrams, this 
part is replaced by the Higgs mass squared. 

2.1 Four Fermi Diagrams 



IJ'L 



^|'R 



Figure 1: The tree-level diagram, which 
corresponds to the coupling constant 171 . 



Figure 2: The tree-level diagram, which 
corresponds to the coupling constant 52- 
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Figure 3: The tree-level diagram, which 
corresponds to the coupling constant 
255. 



Figure 4: The tree-level diagram, which 
corresponds to the coupling constant 



Here, we calculate the tree-level diagrams which contain the neutral Higgs 
bosons in the intermediate state and are written as Figs. [1] [21 El and S) Com- 
paring these diagrams and the general Lagrangian ([T]), the effective coupling 
constants 51 , (?2 , <?5 and contain 
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(3) 
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where 

rjo grriiSij . vFj . , 

J^; = --4^^^ cosa + cos(a - /?) (4) 

2smpMw \/2sin/3 ^ 

2sin/3Miy \/2sin/3 

are the effective couphng constants, where g is the SU(2)^ gauge coupUng con- 
stant; rrii are the «-th family charged lepton masses; a is mixing angle between 
neutral CP even Higgses; (3 is defined as tan /3 = V2/V1, where vi and V2 are the 
vacuum expectation values of down and up-sector Higgses, respectively; Mw is 
the weak boson mass; H° and h° are the heavier and lighter CP even neutral 
Higgses, respectively; is the CP odd neutral Higgs; Mho, M^o and M^o 
are and A° masses, respectively; rjfj are non-diagonal leptonic Yukawa 

couplings of Type-n 2HDM. Here, we note that 55 and are generated via 
Fierz transformation. They are the same as gi and 52 iu their FCNC parts and 
flipping the helicity in their flavor conserving neutral current part, respectively. 

2.2 Radiative diagrams 

We consider the radiative one-loop diagrams since the resonance effect enhances 
its contribution as mentioned in the first of this section. 

In general, the anti-fermion to anti-fermion and imaginary photon FCNC 
amplitude which momenta are p, p ^ q and q, respectively, is written as 



v{p)i 



q^l^iCiPR + CsPl) + ^^(CsPfl + CaPl) + ia'^^'q^iC^PR + CqPl) 



v{p-q), 
(5) 



where Ci, Ce are the complex coefficients which should be given by the model; 
Pr, Pi = (1 ± 7^)/2; v{p) and v{p — q) are the spinors of initial and final anti- 
fermion, respectively. 

Considering r ^ 3/i decay, q^iC^PR + C4PL) term will vanish when we 
multiply the electromagnetic current —iefi'j^iJ and use the Dirac equation. By 
the same prescription, q^^'^{C\PR + C2PL) term becomes 



v{p)i 



q^l'^iCiPR + C^PL) 



v{p - q)^^u{p3)i-teY){PR + PlHp2), (6) 



where p2 and p^ are the final-state fermion and anti-fermion momenta, respec- 
tively. So, gs, ...,36 contain Ci and C2 as 

eCi eC2 
93 3 —7=—, gi D 



eCi eCa ^ ' 
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Figure 5: The radiative one-loop dia- 
gram which have charged Higgs bosons 
and neutrinos in the loop. 




Figure 6: The radiative one- loop dia- 
gram which have neutral Higgs bosons 
and charged leptons in the loop. The 
dashed line represents , and 
propagator. 



Also, icr^^^qviC^PB + CQPL) should be compared with Al and Ar. They contain 
C5 and Cg as 

Al^ ^ , Ar^ ^ . (8) 

In Type-H 2HDM, these diagrams are written in Figs. [5] and [HI The coeffi- 
cients Ci, C2, C5 and Cg are calculated in Appendix [Cl and the explicit form of 
effective coupling constants gi,...,gQ, Al and Ar are written in Appendix [Xl 



3 Scenarios 



Here, we suppose four possible scenarios in type-IE 2HDM. They are as follows: 

1. All Higgs bosons except for are very heavy and decoupled. 

2. All Higgs bosons except for A'^ are very heavy and decoupled. 

3. and A'^ are very heavy and decoupled, where are the charged 
Higgs bosons which have ±1 electromagnetic charges, respectively. 
and have the masses Af/jO — 98GeV and Mho — 115GeV, respectively. 
ZZhP coupling is too small to be discovered in LEP experiment. 

4. All Higgs bosons except for are very heavy and decoupled. 

Each scenario suggests different final-state distributions. Comparing them to 
the experimental result, we can test the Type-Ill 2HDM. 



3.1 Scenario 1: only is light 

If we discover only one neutral Higgs boson in LHC, there may be no signal of 
new physics in LHC. However, if the LEV is discovered, we have to reconsider 
whether the Higgs sector is the SM one or not. 
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In this scenario, we set Mho,Mj^o^M}j± ^ M/jO, where M^± is mass. 
This situation becomes important when wc discover only one neutral Higgs 
boson in LHC. 

According to the above mass relation and Appendix \X[ we find the relations 
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Substituting Eq. ^ for 173, (74, and in these relations, and then solving 
about |(7ip and I52P1 respectively, they are written by the observables as follows: 



\9i\ 



25 
16 



5(a+ + a-) + 3(5+ + 6-) - 2(e+ - e-) 



5(d++d_)-(e+-e_) 



152 1 



5(d+-d_)-(e+ + e_) 



— ( 5(a+ - a_) + 3(5+ - 6_) - 2(e+ + e_ 



25 ' 



c+ + c_ 



C4 

(10) 



These equations have the discrete ambiguities in their later terms. These corre- 
spond to the sign of imaginary part of g^eA\ and geeA*^/, respectively. Moreover, 
using these quantities, we determine 



and 



153 1 



a+ + a_ 



\9il 
16 



154 1 



\92r 

16 



Arglg^eA*]^] ~ arccos 
Arg[g4,eA*ji] ~ arccos 



V2|.g3|Vc+ - c- 

(i+ — (i_ 



^?'5[5] 



^''5 [.9: 



7/1" 

■^22 
"^22 

Th"* 

'^22 



J; 



g3*\ ~ arccos 



■g4*\ ~ arccos 



\/2|54|\/c+ + 
(5+ + 5_)-8(a+ + a_)-3|.9i|^ 



22 



-4rg[5355] - arccos 
^''5[5456] - arccos 





I6l.glll.g3l 




8(64 


— 6_) — (a+ — a 


-)-3|52pl 




I6I52II54I 






+ 6_) + 10|53p- 


4(a+ + a_) 




2V2|.g3lV^ 




(&+ 


-5_) + 10|54|'- 


4(a+ - a_) 



2V2|54lv/57~^ 



(11) 



(12) 
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3.1.1 Situation division 



This scenario contains three types of couplings as foUows: 



1. 




•Jl2 > 


jh° 


Jh"* 


Jh"* Jh" 


Jh"* Jh"* 


2. 


'^31 




Jh" 
•J32 


Jh"* 
■-'22 1 


Jh"* Jh" 
■^23 ^^22 


Jh"* Jh"* 
; "'23 "'22 


3. 


"^33 


•^32 ' 


•^33 


Jh"* 
"^23 ' 


Jh"* Jh" 
•J33 '^32 


jh"* jh°* 
' '^33 '^23 



These are divided by the family of intermediate leptons. The tree-level contri- 
bution is contained in the second-type coupling. However, we cannot neglect 
other contributions since each J^j is only a parameter of the model. 

To determine which contributions are dominant, we first divide in four cases 
using the observables which are defined in Eq. ^ and the relations (O as 

|giP + |g2p + 16(|g3p + |g4p)^ 

^+ 4(|gi|2 + |.g2P) + 16(|g3P + |g4P) + 16i?e[gi^g3*+g2^g|]' ^^^^ 

'^22 '^22 

d+/c+ and c+/a+. 
case 1; a+/&+ ~ 1/4 

When a+/b^ ~ 1/4, |gip -f |g2p is dominant and this means that the tree-level 
contribution i.e. second-type coupling works. So, even if all | J,^ | are the same 
order, the observable a+/&+ suggests this case. We note here that c+/a+ <C 1 
in this case. 

case 2; a+/&+ ~ 1 and c+/a+ = 0(1) 

When a+/b+ ~ 1, then |g3p + |g4p S> |giP + |g2p- In this case, the second-type 
coupling I J23*>^22*P + I '^32 •^22 P highly suppressed compared with other two 
types of couplings. From the equations in Appendix \M | J23 *'^22 *P + I '^32 ^^22 P 
is highly suppressed as 

I jh"* jh"*\2 I I 7/1" jh"\2 

rocin-^w K23 -^22 I +1-^32 '^22 1 (iA\ 

^ ' I jh"* jh"\2 I I jhO jh«*\2 I I jh«* 7/1" 12 1 I jhO jh°*\2' ^ ' 

Kl3 "^12 1 "t" K3I "^21 I I" H33 "^32 1 ~r H33 '^23 I 

The left hand side in above relation is small since the tree-level diagrams affect 
|giP + |g2p, while only one-loop diagrams affect jgap -I- |g4p. The radiative 
one-loop currents are dominant to the tree-level FCNC. So, r — > may be dis- 
covered earlier than t — s- However, r — > 3/i mode has the advantage that we 
can determine which of the third-type couplings and the first-type couplings are 
dominant using the observable c-|_/a_|_. If the third- type couplings are dominant, 
we have an observable relation from Appendix [Xl as. 




(15) 
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When we set = 115GeV, 



4 a I 4 



(16) 



In this case, there is one more simple relation, 

We can confirm j^ap + \gi\'^ dominance using these relations, 
case 3; a+/b+ ~ 1 and c+/a+ = 0(10^"*) 

If a+/6+ ~ 1 as the case 2, however the first-type couplings are dominant and 
no tuning, 



a+ 16 V A/^o 



0.00034, 



(18) 



where M^o = 115GeV. These two cases have different order of c+/a-)- values. 
This fact is an advantage to determine the current structure. 
In this case, we note 



1 



(19) 



as in case 2. 



case 4; a+/6+ 9^ 1, 1/4 

If a+/h+ ^ 1 or 1/4, this means \gi\^ + ^ Iffsl 
to the case 2 and the case 3 with no tuning, and 



I (74 p. This case is similar 



c(io-^) 



K23 -J 22 



K32 "J 22 



I Th°* jh°\2 I I jh'^' Th"*\2 i I Th°* jh° \2 i I Th° jh°* 12 ' 
l"^13 ^^12 I ^ I'^Sl "^21 I K33 ^^32 I TlJcnJo- 



(20) 



^33 '^23 



3.1.2 Bounds from Total Branching Ratio 

We give the upper limits on the effective couplings in each case studied above. 
Supposing parity and CP conservation for simplicity, the total branching ratio 
is written as illi 



Br(r+ ^J.l^J■2^J■3) = Br(T fiiyv) 



2a I 



b+ + 16d+ + 8e+ + ^ (24 log [^] - 13 



(21) 



where S = 2m^/mT 
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or 
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Figure 7: Relation between a and /3 in scenario 1. 



To reduce the free parameter of the model, we consider the relation between 
a and /3. In this scenario, according to the Appendix [Bl we set M11M22 = 
since Mj^o ^ M^o. Here, we set Ae is large enough since M\o — \ + "f^D is 
decoupled, and for CP conservation of Higgs potential, Ae — A5. So, Ae = A5 » 
Ai, A3 and 

Mil = "2^5 

M22 = w?A5 (22) 

M12 = il/21 = A5Z)iU2. 

Here, we set the a region as follows: 

M% >0^A6 = A5>0^ M12 > =^ sin2a > ^ < a < |. (23) 
Using these conditions, we have the relations from Appendix IB] as. 



tana 
1 Mil 



Mn 
Mil 



= tan^ p, (24) 



tan"' a A/22 vf 

cos a — sin P 
cos(q; ~ /3) — 2 sin f3 cos /3. 

This is explained in Fig. [7| 
Second- type coupling: J23J22 

We here consider the case that second- type coupling i.e. J23J22 dominant, 
which case corresponds to the case 1 in above. In this case, only gi = 92 = 
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2^5 — 2^6 ELre considerable and the branching ratio is given as 

Br(r+ ^ ^ 4.8 x (^i^f,)^ cos^ /^(l^^)'. (25) 

If we set = llSGeV, cos /3 = l/\/2 and Br(T ^ 3^*) < 3.2 x 10"'^ from HI], 
then the upper hmit is written as 

|77f3%^2 1 < 0.00022. (26) 
First-type coupling: Ji^Ji2 

We here consider the case that the first-type coupHng i.e. JilJi2 is dominant, 
which case corresponds to the case 3 in above. Then gi, (72 — 0, (75 = = (73 = 
(74, cAl = eAu and the branching ratio is written as 

Br(r+ -> /ii^2M3) 

-100Gey\2,,2l /100Gey\4 ^ ^ ^ 



0.14 X 10^^ X 



0.73+ (-12.3 + log[(^^) ]) J(^^) cos^/3(«2)^ 

(27) 



If we set Mh« = 115GeV, cos^S = l/\/2 and Br(T 3/i) < 3.2 x 10"^, we give 
an upper Hmit as 

hfgTyfal < 0.032. (28) 

Third-type coupling: J33 J^2 

We here consider the case that the third-type coupUng JI}^J^2 dominant, 
which case corresponds to the case 2 in above. Then 51,52 — 0, — 96 = 93 
and 

Br(r+ /iiM2M3) 

.^4/ 20/ 0.0051 £;^i^^2/. ^ , r/ lOOGcVx / lOOGcVx 4 
cos p V MhO / V i\i/jO / 

(29) 

If we set Mf,o = 115GeV, cos^S = 1/V2 and Br(T -> 3fi) < 3.2 x 10"®, we give 
an upper Hmit as 

I (-0.0072 -I- r/fa)//^! < 0.0065. (30) 
3.2 Scenario 2: only is light 

Here, we study the scenario 2, in which aU Higgs bosons except for A° are 
decoupled. In this case, 55 and 50 are written from Appendix \X\ as 

91 •J22 , 92 ^22 I /Qi^ 

55 - +53, 56 - -^--40- +54- (>5lj 

Z Jnn Z (799 
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The observable difference from the scenario 1 presents in a+/c+ when 
is dominant and CP violation in the Lagrangian is small. When Jj^ * Jyi 
its hermit conjugate (h.c.) is dominant, the difference from Ji3*Ji2 or its h.c. 
dominant situation is suppressed by mf./mr- When * J22 O'" its h.c. is dom- 
inant, the difference from J^z^i* J22 or its h.c. dominant situation is suppressed 
by the fine-structure constant uqed = e^/(47r). 

In scenario 1, only hP is light, if CP symmetry of Lagrangian is conserved, 
Re[{4l?] = \ji*? and 

from Eq. p^ . On the other hand, in this scenario, only is light, if CP 
symmetry of Lagrangian is conserved, 

3 + 21og[^] 9 

^° - 0.21, (33) 




(4 + 31og[^])2 4 

where we set M^o — 115GeV. This value is stable even if Af^o is varied intensely 
since it is in logarithmic function. 

3.3 Scenario 3: only is seen 

In this scenario, we can detect only We suppose that , which is lighter 
than could not be detected in LEP since the ZZh^ coupling in 2HDM is 
too weak. and are also decoupled since they are very heavy. The LEP 
experiment suggests a possibility of Af^o = 115GeV and Af;,o = 98GeV [13j. In 
this scenario, we set from Appendix [b1 as. 

^.tan^/3 
M22 

A5 = Ae > Ai,2.3 (34) 

Mho + A/40 213 

cos 2a ~ cos 2p — cos 2/1 

Mho - Mho ' 17 

This relation between a and f3 suggests that /3 ~ 7r/4 in all a range. So, the 
effective coupling constant Jfj is written as 



V2Mw 



^-^L=^sma + 7]f^sin{a-j). (35) 



Also, from Refs. [13] and [M], we set \gl"P/'\ < |g|fjj|/2, where gf^^o^^ 
and gzz^H are the ZZh^ coupling in Type-IE 2HDM and ZZ Higgs coupling 
in the SM, respectively. This suggests the allowed region | sin( /3 — a)\ < 1/2 
since ZZ}^ term in 2IIDM Lagrangian is Ml sin(/3 - a)ZZh^ I ^Jvl^vl, where 
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Mz is the Z boson mass. Using the fact (3 ~ 7r/4, the allowed region of a 
becomes < a < y|. After all, the allowed region of a and /3 in this scenario 
is explained as in Fig. [H] 

Comparing between Fig. [7] and Fig. [51 this scenario has narrower allowed 
region than the scenario 1. So, if we can determine a or (3, we can distinguish 
this scenario and scenario 1. 





Figure 8: The allowed region of a and /3 in scenario 3. The upper left and the 
lower right are forbidden by the LEP constraint i.e. (3 — Tr/6<a<(3 + Tr/6. 
If Af/jO = 98GeV and Mho — llSGeV, only on the curved line near (3 = 7r/4 is 
allowed. 



3.4 Scenario 4: only is light 

We consider all the Higgs bosons except for i7+ are decoupled. Here, we don't 
consider the parity and CP conservation. In this case, we have the relations 
from Appendix \X\ as. 

51-52-54-56-0 

4 , 4m. ^ aQED {J"^U""h2 (36) 

53 ^ 55 - ^eA, - — eAn 

and the observables become 

a± ~ 5± ~ 1^3 P (37) 
3 

d± ~ ±e± ~ --|53p- 
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Br(r+ MiA^2A^3) 

5.3 X 10-«-l-('i^^y|(^f3*r;f, +^i*ryf, + (-0.01 cos /3 + ^t)^^,)!^ 
sm p \ Mh+ J 

(38) 

If we set Mh± = lOOGeV, cos/3 = sin (3 = l/\/2 and Br(T ^ 3/^) < 3.2 x 10"*, 
we give an upper limit as 

I('7f3*%''2 + V2^V22 + (-0.00 72 + < 0.39 (39) 

4 Difference Between SUSY and Type-H 2HDM 

4.1 MSSM 

In most MSSM models, the dominant contribution is from the radiative dia- 
grams [in], [H]. So, at first, the LFV event will be discovered in radiative mode 
e.g. T nj. 

According to section [2?2l this feature appears in the effective coupling con- 
stants as 

51=52 = 0, gs^gs, 54 = 56, (40) 

in r ^ 3/i mode. So, the observables a±, b±, d±, e±, /+ and 5+ have the 
relations, 

a±^b±, d± ^ ±e±, f+ = g+ = 0. (41) 

We note here that imaginary part becomes zero since 173, 34, eA^ and eAu have 
the same complex phases. 

On the other hand, the tree-level diagram contributions in type-H 2HDM 
derives the characteristic relations, 51 ^ and 52 ^ 0. Furthermore, in gen- 
erally, tree-level heavy gauge boson in intermediate state derives the relation, 
a± b±. In these case we can easily discriminate the difference between MSSM 
and 2HDM. 

Even if the experimental result suggests the relation (j4T|) . it may still be 
Type-in 2HDM. In this case, another observable a_|_/c+ becomes important to 
distinguish them. If there is no tuning, this situation is realized when J22 = 
or J23 = J32 = 0. So, if a+/c+ ~ 9/4 or ~ 0.0034 as derived in section [341. 
2HDM is strongly supported. On the other hand, if a+/c+ has other values, 
then the MSSM is supported. 

4.2 Babu-Kolda Model 

In Babu-Kolda model (BKM) [8], MSSM neutral higgses propagate the inter- 
mediate state of the r — > 3/i decay. If we consider the situation, Br{T 
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H'-f) < Br{T — > 3^), the radiative diagrams affect little in r ^ 3^ decay. So, we 
now neglect it. In this model, gi and (75 are written as 



TOT-m^K32 /cos(a — /3) sina sin(Q! — /3) cos a sin/3\ 

" 2cos3/3 V m| + Mfj ~Ml) 

1 TOtW^K32 /cos(a — /3) sina sin(Q; — /?) cos a sin/3 
95 ^ ' 



(42) 



2 2cos3/3 V M2 M2 
and others are zero. So, at first, we should check whether or not 

a+ = a_, 6+ = 6_, c± = (i± = e± = 0. (43) 
If or A° is decoupled, we also have to check whether or not the relation 

a+ = a_ = 46+ 46_ (44) 

is satisfied. 

Type-H 2HDM can also make the similar situation as BKM. Even if so, we 
have a procedure to distinguish them when both of h° and A° are not decoupled. 
In Type-ll 2HDM, from the relation, 

2^1 7i,f2 ^4^2 i 7i,r2 ' V*^/ 



M^o V Mfjo Mia > M, 



the observable 



c^i sin^(a-/3) cos^(q-/3)\ 1 



b+ + 4a+ / 



ff<l h 

is constrained. Similarly, in Babu model, the relation 



2 



(46) 



1 ^ ^cos(q! — /3) sina ^ sin(a — /3) cosa^^ 1 



M^o - V M2 M| ysin/3 

, sin(2Q~/3) 



(A^^o + M,^o)«^ + (A f^o-M;fo) 

< oo 



(47) 



constrains the observable 



rj / cos(q — sin Q . sin(a — /3) COS Q \ 1 1 

6+ — 4a+ 17^ ' j5hr;sMj 



" 4fl+ / cos{a — /3) sin Q . sin(a — /3)cos 



") (-"Z?) +(^) 



(48) 



Figs. [9l [TOl and fTT] are the allowed regions of this observable in BKM and Type-IE 
2HDM. In these figures, the yellow region is the allowed rgion in the BKM, and 
the blue region is the allowed rgion in the Type- HI 2IIDM. Fig. [5] suggests the 
allowed regions in the condition, M/^o = 98GeV and Mh" = 115GeV. Similarly, 
Fig. Uni suggests the allowed regions in the condition, M/jo = 120GeV and 
Mjjo — ISOGeV; and Fig. [Tl] suggests the allowed regions in the condition, 
Mho = 120GeV and M^o — lOOOGeV. In each case, the allowed region in the 
Type-ni 2HDM is smaller than that of the BKM. 
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b+-4a- 




Figure 9: A^o = 98GeV, Mho = 115GeV, 98 < Mao < 200GeV. The yellow 
region is the allowed region in the Babu model, and the blue region is the allowed 
region in the Type-HI 2HDM. 



5 Summary and Discussion 

We studied the energy distributions and angular distributions of t — > decay 
products supposing the type-H 2HDM. We supposed four scenarios in section 
[21 Each scenario has the different feature which we can check using the ex- 
perimental observables e.g. a_|_, 6+, a_|_/&+, c+/a+,,,. We explained the upper 
limits on the effective coupling constants in some cases of the scenario 1. We 
suggested that the difference between the MSSM case and the type-H 2HDM 
case can be observed in energy and angular distributions. Also, we suggested 
that the difference between the BKM case and the type-H 2HDM case can be 
checked by the observable {b+ — 4a+)/(6+ + 4a+). 

r — > 3/i decay is a pure leptonic LFV event. Pure Icptonic event has no 
QCD ambiguity and LFV is a null test. So, the experimental results become 
clear and sensitive to the new physics. 

The discovery of LFV event is very important, itself. What we want to 
know next is the source of it. This paper focus the type-Ill 2HDM as a source. 
Comparing it to the MSSM and BKM, we suggest that the energy and angular 
distribution are the effective probe to distinguish the models. 

Even if no new particle except for one Higgs boson is discovered in LHC, 
the T ~f 3fi events and its energy and angular distributions support the new 
physics in Higgs sector. High energy collider like LHC is the primary approach 
to the new physics study. Our analysis is the complimentary approach to them. 

The type-H 2HDM has many source of CP violation. This analysis manifests 
its effects in the observables. The non-zero values of /+ or defined in Eq. 
([2]) or (6+ ± 6_)(c+ =F c_) — (e+ =F e-)^ means the CP violation. 

As a next to LHC high energy collider, the international linear collider (ILC) 
is planned in near future [16] . If the source of LFV is the Higgs bosons discovered 
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b+ - 4a+ 




Figure 10: A^o = 120GeV, Mho = 150GeV, 100 < Mao < 200GeV. The color 
condition is the same as that of Fig. [51 



in LHC, the ILC will create a number of LFV events since the Higgs bosons 
becomes the on-shell particle. However, this analysis enables us to precisely 
determine the next to SM before the ILC era. 
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A Coupling Constants of the Model 

gi,...,gQ, Al and An in Type-II 2HDM are written as follows: 



1 




) 



.91 = 



1 



- J; 



23 ^22 ^2 




) 



(49) 



92 = 



2^/2Gi. 
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93 



{JK*JE: + ^2T + 3 log[^]) + J3T V3T (4 + 3 log[^]) 



9(47r)2M^o 



9(47r)2M: 



9i = 



2V2GF 



{J^^J?:* + ^af *)(-! + 31og[^]) + {Jg'j^:*){A + 31og[^]) 



9(47r)2M|^o 



+ ^ /i°) + (£r° ^ A°) 



(50) 



55 
56 



(51) 



-4\/2GFmT 



6(47r)2M2 



6(47r)2iV/4+ 6(47r)2M2„ 
^ («me + J|°J2f m^) ^_^ + 21og[^]) 



2(47r)2M2„ 



+ 



■^33 "^^^ 

2(47r)2Af2 



(3 + 2 log[-^]) + (if° - hP) - {H° - A") 



-4\/2GFmr 



(J^+tjH+)3^„,^ (J^"V^°)32m^ (J^°J«''t)32m, 



6(47r)2M| 



6(47r)2M| 



6(47r)2M2 



+ 



+ 



(47r)2 

JH''*JH"* 3 + 21og[^ 
"^33 "^23 '''■-r 



2M|o 



2M|o 



(47r)2 

where we set = 16m'^d'^/9 ~ 2m2 by the condition 

^i<l-(y)'- 



(52)' 



(53) 
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Vertex Feynman rules for Type-II 2HDM are as follows: 




EjR 
EjR 



H 



+ 




H- 



V2ijfPR 

V2sin/3Mi 



■ cos PPr 



w 



+ 

igrriiS. 



V2sin/3Mi 



■ cos /3Pl 



w 



sin/3 



Pr, 



sin/3 



(54) 



(55) 



liL 




I. 



i4 Pr 



,iJ-, Pr 



sin aPR 

cos uPr - 



'"^'^ 2 sin pMw 



2 sin PMw 
cos PPr 



Dili Ltj H ~r , 

2 sin (3 Mw V2sin/3 
iguiiSij 



v.. 



V2sin/3 

E 

PR: 



sin(a — P)Pr 



cos(q; - f3)PR 



\/2sin/3 
(56) 
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iJfi Pl = — 7777— smaPL H ^ sm[a 

2smPMw V2smp 

, z J'; Pl = - -z—- — 777— cos aPL H 1=-^ cosfa 



.-j^p^ - -^^n^-ospPL - -^p 

2smpMw v2sin/3 
(57) 



B Higgs masses 

In Type- HI 2HDM, the general Higgs potential is written as 

02) = Ai(40i - vff + X2{4h - vlf 

+ MUlcj^i - vl) + {Ct>\c^2 ~ vl)f 

+ A4[(0l0i)(4</'2) - (0l</'2)(4'/'i)] (58) 
+ M[Re{4>\<l)2) - V1V2 cos^Y 
+ \ii[Im{(j)\(f)2) - V1V2 sin^]^, 

, where Ai, Ag are the real coefficients; 0i and 02 are the Higgs fields with 
the vacume expectation values, vi and V2, respectively; and 1^ is the CP phase. 
When we set ^ = for CP conservation of Higgs potential, the neutral CP even 
and odd Higgs masses are written as 

1, 



MH«,h« = 2 [^11 + ^22 ± \/ (A^ii - Af22)2 + 4M2 

M2„ = A6(w? + f|), 



2L----I-J- ' -'-^^ — y ---^i.) i '--^vili (59) 



respectively, where 



Mil =4w2(Ai +A3) + u^A5, 



M22 = 4«2(A2 + A3) + i;?A5, (60) 
Afi2 = M2i = (4A3 + A5)t-iz;2. 

We define the mixing angle a as 

f o 2Mi2 

tan2Q;=— — — . (61) 

Afii - M22 ^ ' 
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C Radiative one-loop diagrams 



We explain the general charged fermion-charged fermion-photon one-loop dia- 
grams which contain scalar fields in loop. 

For convenience, we define the projection operators, 

Pr = ^^, P, = i^. (62) 
C.l Neutral Scalar 

We set the general charged fermion-charged fermion-neutral scalor and charged 
fermion-charged fermion-photon vertices as follows: 
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where £ is the charged fermion; £ir = Pr£i, where r — 1,2; hP is the neutral 
scalar; V[f. are the complex coupling constant; and 7^ is the photon; Q = — 1 
for a lepton. 

The one-loop diagrams which contain the neutral scalars are written as: 

hP{p - k) 

= i 
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= lM2, 



h{k-q) 



Up) 



'4{p - q) 




C.1.1 Neutral Higgs Contribution with iV^\Pi and iV^^Pi 



11 

1 T/l 



_ -ieQViiVkjmk 
(47r)2 
(2x + y__l)f_ 

"Too 



dx J dyv{p)- {y~l)ta''''q,Pi 



v{p~q), 
(63) 



where 



A ~ x{x + y — l)q'^ + y{x + y ~ ~ xyrri^ + (1 — yjml + yM'^; (64) 
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Ill in the left hand side of Eq. ([55)) means that we use iVlf.Pi and iVj^jPi 
vertices; rrii, rrij and mfc are the Ij and rnasses, respectively; and M is 
the hP mass. 



C.1.2 Neutral Higgs Contribution with iV^f.P2 and iV^^Pi 



(4^) 



21 

'2—^ / dxdy—v{p) 



q^Y^T- ^{x{2x + y - 2)m?Pi - (x + y - l)(2a:: + y)mfPi - yiy + 2a; - l)TOiTOoP2| 

+ (.T + ?/ - l)(2x + y)miq^Pi - a;(2a: + y - 2)mjq'^P2 



- ia''^qi,{xymjP2 ~ y{x + y - l)miPi] 



v{p-q), 



(65) 



where I21 in the left hand side means that we use il^|-P2 and iV^^Pi vertices. 
C.2 charged scalar 

We set the general charged fermion-neutral fermion-charged scaler and charged 
scalar-charged scalar-photon vertices as follows: 



i2 




H- 



— oWl 
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H- 



H 



P- 



= i(^Q{p+-p-Y, 



where are the charged scalars which have ±1 electromagnetic charges, re- 
spectively; Vk are the neutral fermions. and p± are the momenta, respec- 
tively. 

The one-loop diagrams which contain the charged scalars are 



Uk{p - k) 




= i 
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i^kip - k) 




Up) 



^lip - q) 



H{k) 



C.2.1 Charged Higgs Contribution with iWlf.Pi and iUl^Pi 



11 



(47r)2 

2 ? 

— 

* J 



dx / dyv{p) — 



7'^(m,Pi + rn^Pa) + (2a; + y - l)g^Pi 



v{p-q), 
(66) 



where 



A' = x(a; + y - l)^^ + y{x + y - l)mf - xym^: + (1 - y)M'^ + ?;to|; (67) 
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M is the mass; and jn in the left hand side of Eq. means that we use 
iWlf.Pi and ill I j Pi vertices. 

C.2.2 Charged Higgs Contribution with iWff,P2 and iUhPi 



iMf + iM^^ + iMf 

21 

_-^eQWlUl^ 



(47r)2 



dxdy—v{p) 



m~ — my L 



9 9 
j — "T-f 



(x + ?/ - l){2x + y- l)m,iq^Pi + x{2x + y- l)mjq'^P2 



+ ia''^q^{xymjP2 - y{x + y - l)nitPi] 



v(p-q), 



(68) 



where I21 in the left hand side means that we use iWf^P2 and iUhPi vertices 



C.3 Application to the Type-HI 2HDM 

For the type-H 2HDM radiative one-loop diagrams in which neutral Higgses 
propagate, we sum over four vertex substitutions written as: 



'k2 



(69) 



Pr. 



T/l P t{H°Ji°,A°}* 
^kj^l -J 2k 



Pl 



(70) 



1/2 p ^ j{H"y,A°}* 



Pl 



"kj^ 1 ~' 'Jk2 



Pr 



(71) 



Also, we set the masses as 



{H'>,h'\A°} 



Pr 



^kj^l •J 2k 



Pl. 



(72) 



rrii rrir, 

rrij — > mr,m^,me, 

mk — > TO^, 

M MHO,MhO,MAO, 



(73) 



and take summation over the subscript j and propagating Higgses H'^, h^, A^. 
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Similarly, for the diagrams in which charged Higgses propagate, we substi- 
tute for the vertices as 

^ V24V*Pi, ^^^^ 

Also, we set the masses as 



rui - 


-* rur, 


ruj - 




rrik - 




M - 





and take summation over the subscript j. 
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